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Abstract
We investigate the phenomenology of dark matter decay assuming that it is
induced by non-minimal coupling to gravity, when the dark matter mass is in the
sub-GeV range, i.e. below the QCD confinement scale. We show that the decay
of the singlet scalar dark matter candidate produces sharp features in the photon
spectrum, in the form of lines, boxes, and also in the form of a novel spectral
feature, characterized by the decay into e+e−γ through a contact interaction,
with decay branching fractions depending only on a single parameter, namely
the dark matter mass. We also derive upper limits on the strength of the gravity
portal from the non-observation of sharp features in the isotropic diffuse gamma-
ray spectra measured by COMPTEL, EGRET and Fermi-LAT, and the X-ray
spectrum measured by INTEGRAL. Finally, we briefly comment on the impact
of dark matter decay via non-minimal coupling to gravity on the reionization
history of the Universe.
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1 Introduction
Cosmological observations reveal that approximately 16% of the matter density of our
Universe is in the form of protons, while the remaining 84% is attributed to a non-
luminous component [1], dubbed dark matter, possibly constituted by new particles
not contained in the Standard Model (for reviews, see [2–5]). Dark matter particles
were produced in the very early stages of our Universe, therefore their presence today
in galaxies, clusters of galaxies, and in the Universe at large scale requires their lifetime
to be at least as long as the age of the Universe.
A common strategy to make dark matter stable consists in postulating a new global
symmetry, unbroken in the electroweak vacuum, under which the dark matter particle
is charged while all particles in the observable sector remain neutral. This global
symmetry is purported to forbid all operators leading to dark matter decay, rendering
it absolutely stable. This discussion normally ignores the effects of gravity. However,
it has long been argued that global symmetries cannot be preserved in the presence
of gravitational interactions [6–8]. Since curved spacetime is the natural arena where
dark matter models should be embedded, this generates a mechanism for dark matter
decay into the Standard Model particles via a gravitational portal.
In [9, 10], gravitationally-induced dark matter decay was explored for a class of
operators linear in the dark matter field and coupled non-minimally to gravity through
the Ricci scalar. In this framework, dark matter decays into Standard Model particles
with a total decay rate suppressed by inverse powers of the Planck mass and with
branching ratios which only depend on the dark matter mass. Refs. [9,10] covered the
range with dark matter masses larger than ∼ 1 GeV, such that the Standard Model
degrees of freedom (quarks, leptons, gauge bosons and the Higgs) provide a good
description of the possible decay products. In contrast, for dark matter masses in the
sub-GeV regime, the relevant degrees for freedom are the photon, the three neutrinos,
the electron, the muon (and their antiparticles) from the electroweak sector, as well
as the pions from the confinement of light quarks and gluons. The interactions of the
latter are described by chiral perturbation theory, the theory of the strong interactions
below the confinement scale (for reviews, see [11, 12]). Hence, the phenomenology of
dark matter decay in the sub-GeV regime is qualitatively different to the one in the
supra-GeV regime and a dedicated analysis is in order.
In this paper, we identify the dominant decay channels of a scalar singlet dark
matter candidate with sub-GeV mass via the gravity portal, and we calculate the
corresponding rates and branching ratios. Notably, we find that, for the whole mass
range under consideration, the channels producing sharp spectral features in the photon
spectrum have sizable branching fractions, thus providing a strong test on the size of
the non-minimal couplings of dark matter to gravity.
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2 Gravity portal for light scalar dark matter decay
In the absence of gravity effects, the total action for the observable and dark sector
can be written as
S =
∫
d4x
[Leffobs(X) + LDM(φ,X)] , (1)
where φ is the dark matter field and X generically denotes the dynamical degrees of
freedom in the observable sector at the energy scale relevant for dark matter decay.
Leffobs(X) is the effective Lagrangian of the observable sector and LDM(φ,X) contains
terms involving the dark matter field together with its possible interactions with the
observable sector. We also assume, as commonly done in the literature, the existence of
a stabilizing global symmetry, under which the fields of the observable sector transform
trivially but the dark matter field does not.
In the presence of gravitational interactions, the stabilizing symmetry remains un-
broken provided the dark matter only couples minimally to gravity. Nevertheless,
non-minimal coupling to gravity may break the global symmetry and therefore in-
duce dark matter decay. The dominant operators will be the ones with the lowest
dimension. In this work we focus on the singlet scalar dark matter candidate which,
as discussed in [9, 10], can be non-minimally coupled to gravity through a gauge and
Lorentz invariant operator in the action already at mass dimension 3,1 namely:
S =
∫
d4x
√−g
[
− R
2κ2
+ Leffobs(X) + LDM(φ,X)− ξMRφ
]
, (2)
where g is the determinant of the metric tensor gµν , κ = M
−1
P =
√
8piG is the inverse
(reduced) Planck mass, M is a mass scale and ξ is a dimensionless coupling.
For dark matter heavier than the electroweak scale, Leffobs(X) conservatively corre-
sponds to the Standard Model Lagrangian (although it may be extended to account
for the dynamics of new, still undiscovered, degrees of freedom). In contrast, for dark
matter lighter than the GeV scale, which is the focus of this paper, Leffobs(X) consists
of terms describing the dynamics and interactions of the light degrees of freedom (the
three pions, the photon, as well as the electron, the muon and the three neutrinos
and their antiparticles)2, augmented with terms resulting from integrating out heavy
particles from the action, which are off-shell at the energy scale relevant for dark mat-
ter decay (heavy fermions, W , Z and Higgs). The effect of these heavy fields at low
energies is encapsulated in the Wilson coefficients of four-fermion operators, as well as
in the vacuum polarization of the photon. We will neglect the former, since they give
rise to four-body decays, which are heavily suppressed by phase-space factors. Then,
1Decay operators through non-minimal coupling to gravity for dark matter candidates with gauge
charges and/or higher spin require higher dimensional operators in the action. As a result, these
candidates are predicted to have naturally cosmologically long lifetimes, unless the dark matter mass
is very large [10].
2Strictly, kaons and eta mesons are also dynamical at energy scales smaller than ∼ 1 GeV. We
will however not consider them explicitly in Leffobs(X), since the decays of a scalar dark matter particle
with mass below ∼ 1 GeV into KK or ηη pairs is kinematically forbidden.
3
the effective Lagrangian relevant for our analysis can be cast as
Leffobs =
∑
f=e,µ,
ν1,ν2,ν3
(
i
2
f¯
←→
/∇f −mf f¯f
)
+
f 2pi
4
gµνTr
[
DµU
†DνU
]
+
f 2pim
2
pi
2
Tr
[
U † + U
]
− 1
4
Z−13 g
µνgλρFµλFνρ . (3)
In the first line above we have defined /∇ = γaeµa∇µ, where γa is a Dirac matrix, eµa
a vierbein and ∇µ = Dµ − i4ebν(∂µeνc)σbc, with Dµ the gauge covariant derivative. In
the second line we have included the dominant operators of chiral perturbation theory.
The matrix U = exp[i~τ · ~pi/fpi] contains the pion fields, pia, a = 1, 2, 3 (τa are the Pauli
matrices) and the covariant derivative is defined as DµU = ∂µU+ieAµ[Q,U ], with Q =
diag(2/3,−1/3,−1/3); the traces are taken over the flavor indices and fpi = 93 MeV
is the pion decay constant. Finally, in the third line, Z3 is the photon wavefunction
renormalization constant, which receives contributions from all electrically charged
degrees of freedom that have been integrated out at the cut-off scale of the theory,
which in our case is ∼ 1 GeV. These include the top, bottom and charm quarks, the
tau lepton, the W boson, as well as all hadrons made of light quarks except for the
pions, which are the only dynamical hadronic degrees of freedom below ∼ 1 GeV.3
The hadronic contributions to the wavefunction renormalization constant involve
scales which lie in the non-perturbative regime of the strong interactions, and are
therefore difficult to estimate. These contributions are however expected to be modest,
certainly not larger than the one from all other degrees of freedom combined. In this
work we will neglect the contribution from the hadronic states to the wave function
renormalization constant. In practice, this will translate into a theoretical uncertainty
in the calculation of Z3, which we expect to be at most of O(1). Under this assumption,
we obtain
Z−13 ≈ 1−
e2
8pi2
( ∑
i=t,b,c,τ
bi log
Λ
mi
+ bW log
Λ
MW
)
, (4)
where bt = bc = −16/9, bb = −4/9, bτ = −4/3 and bW = +7. We will see later on that
current experimental bounds justify this strategy.
Given the form of the non-minimal operator, the action in Eq. (2) can be recast as
S =
∫
d4x
√−g
[
− R
2κ2
Ω2(φ,X) + Leffobs + LDM
]
, (5)
where
Ω2(φ,X) = 1 + 2κ2ξMφ . (6)
3In extensions of the Standard Model, effects of new charged particles should also be included in
the calculation.
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Written in this form, it is clear that the non-minimal operator modifies the Einstein-
Hilbert action. The pure gravitational sector can be brought to canonical form through
the field rescaling (Weyl transformation)
ĝµν = Ω
2(φ,X)gµν , (7)
upon which the action gets transformed into the Einstein-frame form:
S =
∫
d4x
√
−ĝ
[
− R̂
2κ2
+
3
κ2
ĝµν
∇̂µΩ∇̂νΩ
Ω2
+ L̂effobs + L̂DM
]
. (8)
The main benefit of this field redefinition is that dark matter interactions with the
light particles can now be read out in a straightforward manner. The transformation
of Eq. (7) brings the effective Lagrangian of the observable sector to the form:
L̂effobs =
∑
f=e,µ,
ν1,ν2,ν3
(
i
2Ω3
f¯
←→
/̂∇f − mf
Ω4
f¯f
)
+
f 2pi
4Ω2
ĝµνTr
[
DµU
†DνU
]
+
f 2pim
2
pi
2Ω4
Tr
[
U † + U
]
− 1
4
Ẑ−13 ĝ
µν ĝλρFµλFνρ , (9)
where hatted quantities denote that they are expressed in the Einstein frame.
Note that the Weyl transformation modifies not just the metric and the coefficients
of the operators, but also the photon wavefunction renormalization constant. This can
be understood as a consequence of the rescaling that the kinetic and mass terms of the
integrated-out particles also undergo when transforming the action from the Jordan
to the Einstein frame.4 Since the masses of the particles that have been integrated
out are much larger than the momentum of the dark matter particle, the field φ is
slowly-varying and effectively behaves as a constant. In this limit, the Lagrangian of
the integrated-out W boson in the Einstein frame,
L̂W = −1
4
ĝµν ĝλρWµλWνρ +
1
2
M2W
Ω2
ĝµνWµWν + . . . , (10)
can be understood as having a φ-dependent rescaled mass. Integrated-out fermions
show a similar rescaling:
L̂f = i
2Ω3
f¯
←→
/̂∇f − mf
Ω4
f¯f + . . . ' i
2
¯̂
f
←→
/̂∇f̂ − mf
Ω
¯̂
ff̂ + . . . , (11)
which can be transferred entirely to the mass term once the field is canonically nor-
malized (last equality). The effect of the Weyl transformation therefore amounts to a
4Inside loops only the propagators are relevant, so our discussion will be restricted to the free fields.
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φ-dependent change in the masses of the particles entering the wavefunction renormal-
ization constant, which then reads:
Ẑ−13 (mf ,MW ) = Z
−1
3
(
mf
Ω
,
MW
Ω
)
≈ 1− e
2
8pi2
( ∑
i=t,b,c,τ
bi log
Λ Ω
mi
+ bW log
Λ Ω
MW
)
.
(12)
Finally, upon expanding Ω, one finds effective interaction terms between the dark
matter field and the operator F µνFµν . This procedure is similar in spirit to the one
presented in [13] to determine h→ γγ using low-energy theorems.
It is important to note that in the Einstein frame the field φ is not canonically
normalized, as apparent from Eq. (8). To bring the kinetic term of the dark matter
field into the canonical form, we introduce the field φ̂, defined from the condition that
LDM,kin = 1
2
(
1
Ω2
+
6(∂φΩ)
2
κ2Ω2
)
ĝµν(∂µφ)(∂νφ) =
1
2
ĝµν(∂µφ̂)(∂νφ̂) . (13)
The field φ̂ is then related to φ by the transformation
φ̂ =
√
6
κ
{
y − y0 + 1
2
log
[
(1− y)(1 + y0)
(1 + y)(1− y0)
]}
, (14)
with
y =
√
1 +
1 + 2κ2ξMφ
6κ2ξ2M2
, y0 =
√
1 +
1
6κ2ξ2M2
. (15)
Notice that when the dimensionless combination κξM  1, the effects of the canonical
normalization can be safely neglected. However, as we will see below, these effects can
have a significant impact on the phenomenology when κξM & 1.
The terms of the Lagrangian inducing dark matter decay can thus be identified by
expanding Eq. (9) in powers of φ̂, and keeping the linear terms. Using Eqs.(14,15),
we obtain that for moderate values of κξM (at the energies we are working κφ̂ 1 is
always fulfilled), the Weyl scaling factor can be approximated by:
1
Ω2
' 1− 2κ
2ξMφ̂√
1 + 6κ2ξ2M2
. (16)
Furthermore, since we are interested in the dominant decay modes, we will expand the
chiral field U to quadratic order in the pion fields. The part of the effective Lagrangian
linear in the (canonically normalized) dark matter field φ̂ reads:
L̂effobs ⊃ −
2κ2ξMφ̂√
1 + 6κ2ξ2M2
[ ∑
f=e,µ,
ν1,ν2,ν3
(
3i
2
f¯γµ∂µf − 2mf f¯f
)
−
∑
f=e,µ
(
3e
2
f¯γµAµf
)
6
+
1
2
∂µpi
a∂µpia − 1
2
m2pipi
apia
+ cγγFµνF
µν
]
, (17)
with
cγγ ≈ − e
2
8pi2
( ∑
i=t,b,c,τ
bi + bW
)
=
5e2
24pi2
, (18)
from where one can extract the dark matter decay vertices into electrons, muons, neu-
trinos, pions and photons. It is interesting to note that for κξM  1 the strength of the
decay vertex is proportional to κξM , while for large values, it becomes approximately
constant, due to the effect of the canonical normalization of the dark matter field. The
phenomenological consequences of this behavior will be discussed in the next section.
3 Decay rates and observational signals
From the effective Lagrangian expressed in the Einstein frame, Eq. (17), the dark
matter partial decay rates can be calculated. In what follows we will drop the hats
from the fields for ease of notation, bearing in mind that all fields are now canonically
normalized.
The rates for the decay modes with a fermion-antifermion pair or with pions in the
final state can be straightforwardly calculated, the result being:
Γf¯f =
m3φ
8pi
κ4ξ2M2
1 + 6κ2ξ2M2
xf (1− 4xf )3/2 ,
Γf¯fγ =
αm3φ
16pi2
κ4ξ2M2
1 + 6κ2ξ2M2
g(xf ) ,
Γpi+pi− =
m3φ
16pi
κ4ξ2M2
1 + 6κ2ξ2M2
(1 + 2xpi+)
2 (1− 4xpi+)1/2 ,
Γpi0pi0 =
m3φ
32pi
κ4ξ2M2
1 + 6κ2ξ2M2
(1 + 2xpi)
2 (1− 4xpi)1/2 , (19)
where
g(x) ≡
(
1 + 2x+ 24x2
)√
1− 4x− 12x2 (3− 4x) log
(1− 2x+√1− 4x
2x
)
, (20)
and xa = m
2
a/m
2
φ.
The rate for the decay into two photons requires a more careful analysis, since at
order e2 it receives contributions from the effective vertex φ̂FµνF
µν in Eq. (17), as well
as from loops of electrons, muons and pions. The result is:
Γγγ =
m3φ
16pi
κ4ξ2M2
1 + 6κ2ξ2M2
∣∣∣∣F`( m2φ4m2e
)
+ F`
(
m2φ
4m2µ
)
+ Fpion + cγγ
∣∣∣∣2 , (21)
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where F`(x) is the leptonic form factor, given by
F`(x) =
e2
8pi2
[x+ (x− 1)f(x)]x−2 , (22)
with
f(x) =

arcsin2
√
x x ≤ 1,
−1
4
[
log
1 +
√
1− x−1
1−√1− x−1 − ipi
]2
x > 1.
, (23)
and Fpion is the pionic form factor, which will be neglected along with the hadronic
contribution to cγγ. Therefore, and in contrast to the values of the decay rates into
ff¯ , ff¯γ and pipi, given in Eq. (19), which are exact up to higher order corrections, the
rate into γγ can be claimed to be accurate only up to an O(1) factor. This level of
accuracy, on the other hand, will be sufficient for drawing our main conclusions.
The decay widths for each of these final states depend on the dark matter mass
and on the value of the parameter κξM . Clearly, for smaller and smaller κξM , the
total rate decreases. However, for asymptotically large values, even for transplanckian
scales κξM  1, the total rate reaches a finite asymptotic value, which is a factor 7/6
larger than the corresponding rate for κξM = 1. Notably, we see that due to the effect
of the non-minimal coupling on the dark matter kinetic term, the decay rate cannot
be significantly enhanced by taking κξM  1.
The inverse widths for the relevant channels are shown in Fig.1, for mφ between 400
keV and 700 MeV, assuming κξM = 1. Above 700 MeV, chiral perturbation theory is
no longer valid and our approach is not applicable. For dark matter lighter than 2me,
only decays into photons or into neutrinos are kinematically accessible. For the latter,
two-body decays are very suppressed by the conservation of angular momentum, hence
we will only consider the former.5 For dark matter masses between 2me and 2mµ, the
decay channels into e+e− and e+e−γ become kinematically accessible. Very close to
the electron threshold, the decay into e+e− dominates, as Γe+e−γ is suppressed in this
limit by an extra factor of α/pi(1 − 4xe). However, the rate for φ → e+e−γ grows
with the mass faster than the rate for φ→ e+e−. We find that the branching fraction
for φ → e+e−γ equals 5% for mφ ' 3 MeV, reaches 50% for mφ & 14 MeV and
becomes the dominant decay channel until decays into muons become kinematically
accessible, for mφ = 2mµ. Close to the muon threshold, φ → µ+µ− dominates over
φ → e+e−, due to the enhancement in the rate by the factor m2µ/m2e, and over the
decays φ → µ+µ−γ, e+e−γ, due to the extra coupling constant and smaller phase
space. The latter two processes have a larger rate than φ→ µ+µ− when mφ & 3 GeV.
However, for masses above the threshold of pion pair production, mφ & 270 MeV, the
decays φ → pi+pi−, pi0pi0 have rates larger than the processes with electrons or muons
in the final state and become the dominant processes until mφ ∼ 700 MeV, which is
the largest mass considered in this work.
5Other decays, such as 2ν2ν¯, are suppressed by extra powers of the coupling constant and by the
smaller phase space available in the decay, and can be safely neglected.
8
10-3 10-2 10-1
10-31
10-28
10-25
10-22
10-19
10-16
10-13
mϕ [GeV]
Γ[s-1
]
γγ
e
+
e
-
e
+
e
-γ μ+μ-
π0π0 π+π-τU-1
Figure 1: Partial widths for the decay via non-minimal coupling to gravity of a singlet
scalar dark matter candidate as a function of the mass, assuming κξM = 1.
The gray dashed line in the Figure indicates the age of the Universe, τU = 4×1017 s.
For dark matter masses above ∼ 270 MeV, decays are so fast that the abundance of
dark matter today would be much smaller than the observed value. In this regime, the
parameter κξM is constrained to be smaller than 1, to ensure that the relic abundance
of dark matter is compatible with present-day observations of our Universe.
Stronger constraints on the parameter κξM can be derived from the non-observation
of photon fluxes generated in the dark matter decay over the astrophysical background.
The prompt photon flux is dominated by the decay channels γγ, ff¯γ and pi0pi0. The
differential spectrum in each case reads:
dN
(γγ)
γ
dyγ
= 2 δ
(
yγ − 1
2
)
,
dN
(ff¯γ)
γ
dyγ
=
24
g(xf )
(1 + 2xf − 2yγ) yγ
√
1− 4xf
1− 2yγ ,
dN
(pi0pi0)
γ
dyγ
=
8√
1− 4xpi0
Θ(yγ − y−)Θ(y+ − yγ) , (24)
with yγ ≡ Eγ/mφ, y± ≡ (1±
√
1− 4xpi0)/4 and Θ(x) the Heaviside function.
Notably, for most values of the dark matter mass, the decay via the gravity portal
predicts a sharp feature in the photon energy spectrum. For mφ < 2me, the dominant
decay channel is φ→ γγ, which produces a line in the photon energy spectrum [14–16].
For 2mpi0 < mφ . 1 GeV, the dominant decay channel is φ→ pi0pi0, which produces a
gamma-ray box from the decay in flight of the pions into two photons [17]. Finally, for
2me . mφ < 2mpi0 , we find a new sharp spectral feature, which arises from the decay
vertex φe¯γµAµe.
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Figure 2: Expected differential flux from the decay of a singlet scalar dark matter
candidate with mass 5 MeV, 50 MeV and 500 MeV via non-minimal coupling to gravity,
assuming κξM = 1.
In Fig. 2 we show the expected isotropic diffuse photon spectra from the decay of a
dark matter particle with mass 5 MeV, 50 MeV and 500 MeV, assuming κξM = 1. The
predicted flux includes contributions from the decay of the cosmological dark matter,
with density Ωh2 ' 0.12 as reported by Planck [1], and from the decay of Galactic
dark matter, assumed to be distributed following a Navarro-Frenk-White [18] profile
with scale factor equal to 24 kpc [19], normalized such that the dark matter density
at the position of the Solar System is ρloc = 0.3 GeV/cm
3. The detector response
was simulated by adopting a fixed 10% energy resolution over the whole range. The
Figure also shows the isotropic diffuse X-ray spectrum in the energy range 5-100 keV,
as determined by INTEGRAL [20], and gamma-ray spectrum between 0.8 and 30 MeV,
between 30 MeV and 50 GeV, and between 100 MeV and 820 GeV, as determined by
EGRET [21], COMPTEL [22] and Fermi-LAT [23], respectively.
As apparent from the Figure, when κξM = 1 the expected photon flux from dark
matter decay can exceed the measured flux by many orders of magnitude. Furthermore,
in all the cases, the energy spectrum presents a sharp fall-off close to the kinematic
endpoint of the spectrum, which can be easily discriminated from the featureless astro-
physical background. Therefore, the non-observation of sharp features in the isotropic
diffuse photon spectrum translates into strong limits on the combination of parameters
κξM .
In Fig. 3 we show conservative limits on κξM , calculated from requiring that in
any energy bin of one of the four experiments under consideration, the photon flux
from dark matter decay only does not exceed the measured flux by more than 2σ; for
each experiment we used the appropriate energy resolution. We note that for very low
dark matter mass the constraints disappear. The reason is that for every mφ the decay
10
1 101 102
10-6
10-5
10-4
10-3
10-2
10-1
1
101
mϕ [MeV]
κξM
COMPTEL
EGRET
Fermi-LAT
CMB
Figure 3: Upper limit on κξM from the non-observation of sharp spectral features
in the isotropic diffuse gamma-ray spectrum measured by COMPTEL (green line),
EGRET (blue line) and Fermi-LAT (red line), as well as from requiring compatibility
with CMB measurements at 95% confidence level (black line).
rate has an upper limit, which is reached when κξM  1 (cf. Eq. (19)). Therefore,
this scenario will be unconstrained if the maximum flux predicted from dark matter
decay is below the experimental sensitivity. We find numerically that this occurs for
mφ . 2 MeV.
The observation of the spectral feature from dark matter decay via the gravity
portal is subject to other phenomenological constraints, mainly from the modifications
of the cosmic microwave background (CMB) anisotropy power spectrum induced by the
injection of energy after recombination, which could significantly modify the ionization
history of the Universe [24–27]. We have estimated the CMB constraints on our scenario
using the Project Epsilon code [28]; the resulting limits are shown as a black line in
Fig. 3. Interestingly, the CMB constraints are weaker than the ones from gamma-ray
telescopes, thus opening the possibility of observing sharp spectral features from dark
matter decay via the gravity portal in future missions, like e-ASTROGAM [29].
4 Conclusions
Stabilizing global symmetries for dark matter do not need to be preserved by gravi-
tational interactions. Therefore, in curved spacetime, which is the natural framework
to describe dark matter, terms inducing dark matter decay through gravity are a log-
ical possibility. In this paper we have investigated the impact of operators linear in
the dark matter field and proportional to the Ricci scalar on the stability of a singlet
scalar dark matter candidate with sub-GeV mass. In this energy regime, the final
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states kinematically accessible for dark matter decay contain pions, photons, electrons,
muons and neutrinos (and their antiparticles). We have identified the dominant decay
channels and calculated the corresponding decay widths in terms of known parameters
of the Lagrangians of chiral perturbation theory and quantum electrodynamics. The
only free parameters in our analysis are therefore the dark matter mass and the dark
matter coupling strength to the Ricci scalar, given by κξM , with ξ (M) a dimensionless
(mass dimension) parameter and κ the inverse reduced Planck mass.
We have shown that the decay via the gravity portal always produces a sharp
feature in the isotropic diffuse photon spectrum, which could be readily discriminated
from the featureless astrophysical backgrounds, thus providing a probe of the dark
matter non-minimal coupling to gravity. Concretely, for mφ < 2me, the dominant
decay channel is φ → γγ, which produces a line in the photon energy spectrum; for
2mpi0 < mφ . 1 GeV, the dominant decay channel is φ → pi0pi0, which produces
a gamma-ray box from the decay in flight of the pions into two photons; and for
2me . mφ < 2mpi0 , we have found a new sharp spectral feature, which arises from the
decay vertex φe¯γµAµe. The non-observation of sharp gamma-ray features in current
experiments already places strong constraints on the dark matter non-minimal coupling
to gravity, e.g. κξM . 10−6, 10−3 and 10−1 for mφ ' 500, 50 and 5 MeV, respectively.
Complementary limits on the parameter space stem from requiring that the decay
products do not significantly modify the reionization history of the Universe. These
limits are comparable or weaker than our conservative limits from the non-observation
of sharp features in the photon spectrum. Planned X- and gamma-ray instruments will
continue testing the possibility of dark matter decay via the gravity portal.
Acknowledgements
We are grateful to Fred Jegerlehner for useful discussions. This work has been partially
supported by the DFG cluster of excellence EXC 153 “Origin and Structure of the
Universe” and by the Collaborative Research Center SFB1258.
References
[1] Planck collaboration, P. A. R. Ade et al., Planck 2015 results. XIII.
Cosmological parameters, Astron. Astrophys. 594 (2016) A13, [1502.01589].
[2] G. Bertone, ed., Particle Dark Matter: Observations, Models and Searches.
Cambridge U. Press, 2010.
[3] L. Bergstrom, Nonbaryonic dark matter: Observational evidence and detection
methods, Rept. Prog. Phys. 63 (2000) 793, [hep-ph/0002126].
[4] G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter,
Phys.Rept. 267 (1996) 195–373, [hep-ph/9506380].
12
[5] G. Bertone, D. Hooper and J. Silk, Particle dark matter: Evidence, candidates
and constraints, Phys. Rept. 405 (2005) 279–390, [hep-ph/0404175].
[6] L. F. Abbott and M. B. Wise, Wormholes and Global Symmetries, Nucl. Phys.
B325 (1989) 687.
[7] R. Kallosh, A. D. Linde, D. A. Linde and L. Susskind, Gravity and global
symmetries, Phys. Rev. D52 (1995) 912–935, [hep-th/9502069].
[8] S. W. Hawking, Particle Creation by Black Holes, Commun. Math. Phys. 43
(1975) 199–220.
[9] O. Cata`, A. Ibarra and S. Ingenhu¨tt, Dark matter decays from nonminimal
coupling to gravity, Phys. Rev. Lett. 117 (2016) 021302, [1603.03696].
[10] O. Cata`, A. Ibarra and S. Ingenhu¨tt, Dark matter decay through gravity portals,
Phys. Rev. D95 (2017) 035011, [1611.00725].
[11] G. Ecker, Chiral perturbation theory, Prog. Part. Nucl. Phys. 35 (1995) 1–80,
[hep-ph/9501357].
[12] H. Leutwyler, On the foundations of chiral perturbation theory, Annals Phys.
235 (1994) 165–203, [hep-ph/9311274].
[13] M. A. Shifman, A. I. Vainshtein, M. B. Voloshin and V. I. Zakharov, Low-Energy
Theorems for Higgs Boson Couplings to Photons, Sov. J. Nucl. Phys. 30 (1979)
711–716.
[14] M. Srednicki, S. Theisen and J. Silk, Cosmic Quarkonium: A Probe of Dark
Matter, Phys.Rev.Lett. 56 (1986) 263.
[15] S. Rudaz, Cosmic Production of Quarkonium?, Phys.Rev.Lett. 56 (1986) 2128.
[16] L. Bergstrom and H. Snellman, Observable Monochromatic Photons From
Cosmic Photino Annihilation, Phys.Rev. D37 (1988) 3737–3741.
[17] A. Ibarra, S. Lo´pez Gehler and M. Pato, Dark matter constraints from
box-shaped gamma-ray features, JCAP 1207 (2012) 043, [1205.0007].
[18] J. F. Navarro, C. S. Frenk and S. D. M. White, A Universal density profile from
hierarchical clustering, Astrophys. J. 490 (1997) 493–508, [astro-ph/9611107].
[19] M. Cirelli, G. Corcella, A. Hektor, G. Hutsi, M. Kadastik, P. Panci et al., PPPC
4 DM ID: A Poor Particle Physicist Cookbook for Dark Matter Indirect
Detection, JCAP 1103 (2011) 051, [1012.4515].
[20] E. Churazov et al., INTEGRAL observations of the cosmic X-ray background in
the 5-100 keV range via occultation by the Earth, Astron. Astrophys. (2006) ,
[astro-ph/0608250].
13
[21] A. W. Strong, I. V. Moskalenko and O. Reimer, A new determination of the
extragalactic diffuse gamma-ray background from egret data, Astrophys. J. 613
(2004) 956–961, [astro-ph/0405441].
[22] G. Weidenspointner et al.AIP Conference Proceedings 510 (2000) 467–470,
[http://aip.scitation.org/doi/pdf/10.1063/1.1307028].
[23] Fermi-LAT collaboration, M. Ackermann et al., The spectrum of isotropic
diffuse gamma-ray emission between 100 MeV and 820 GeV, Astrophys. J. 799
(2015) 86, [1410.3696].
[24] J. A. Adams, S. Sarkar and D. W. Sciama, CMB anisotropy in the decaying
neutrino cosmology, Mon. Not. Roy. Astron. Soc. 301 (1998) 210–214,
[astro-ph/9805108].
[25] X.-L. Chen and M. Kamionkowski, Particle decays during the cosmic dark ages,
Phys. Rev. D70 (2004) 043502, [astro-ph/0310473].
[26] N. Padmanabhan and D. P. Finkbeiner, Detecting dark matter annihilation with
CMB polarization: Signatures and experimental prospects, Phys. Rev. D72
(2005) 023508, [astro-ph/0503486].
[27] J. Chluba and R. A. Sunyaev, The evolution of CMB spectral distortions in the
early Universe, Mon. Not. Roy. Astron. Soc. 419 (2012) 1294–1314, [1109.6552].
[28] T. R. Slatyer and C.-L. Wu, General Constraints on Dark Matter Decay from the
Cosmic Microwave Background, Phys. Rev. D95 (2017) 023010, [1610.06933].
[29] e-ASTROGAM collaboration, A. De Angelis et al., The e-ASTROGAM
mission (exploring the extreme Universe with gamma rays in the MeV-GeV
range), 1611.02232.
14
